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Abstract. A non-canonical scalar tachyon field is a viable candidate for dark energy and has been
found to be in good agreement with observational data. Although this model alleviates the theoretical
problem of fine-tuning the ΛCDM model suffers from, background data alone cannot completely rule
out degeneracy between this model and others. To further constrain the parameters, apart from the
distance measurements, we study perturbations in tachyon scalar field and how they affect matter
clustering. We consider two tachyon potentials for this study, an inverse square potential and an ex-
ponential potential. We study the evolution of the gravitational potential, matter density contrast and
dark energy density contrast, and compare them with the evolution in the ΛCDM model. Although
perturbations in dark energy at sub-Hubble scales are negligible in comparison with matter perturba-
tions, they cannot be ignored at Hubble and super-Hubble scales (λp > 1000 Mpc). We also study
the evolution of growth function and growth rate of matter, and find that the growth rate is signifi-
cantly suppressed in dark energy dominated era with respect to the growth rate for ΛCDM model. A
comparison of these models with Redshift Space Distortion growth rate data is presented by way of
calculating fσ8(z). There is a tension of larger than 3σ between growth rate data and Planck-2018
Cosmic Microwave Background Radiation data for ΛCDM model. We present constraints on free
parameters of these models and show that perturbations in tachyon scalar field reduce this tension
between different data sets.
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1 Introduction
Cosmological observations, which include observation of Supernova Type Ia [1–4], Baryon Acoustic
Oscillations [5–8], Cosmic Microwave Background [9, 10], etc., indicate a late-time acceleration of
the Universe. This acceleration can be explained by considering the energy density of the Universe
to be dominated by a negative pressure material [10]. One of the main goals of modern cosmology
is to explain, whether the equation of state parameter w is constant or a dynamical quantity. There
is a large number of models which are able to describe the acceleration. The most intuitive is the
cosmological constant model (ΛCDM model) [11, 12], with the equation of state parameter w=−1,
in which a constant Λ representing vacuum energy density, is understood to be the reason of the late-
time acceleration. Although this model shows good agreement with the observations [1, 8, 10], it
suffers from theoretical problems like the fine-tuning problem and the coincidence problem [12–15] .
On the other hand observations do not rule out w 6=−1 and in general the equation of state parameter
can be a function of the scale factor.
Dynamical dark energy models are an alternative to ΛCDM model and can have an evolv-
ing equation of state parameter. These models include the barotropic fluid models, canonical and
non-canonical scalar field models, etc. A varying, fluid dark energy equation of state parameter is
considered to be a function of redshift or scale factor. There are two parameters, the present day
value of the equation of state parameter, w0, and the value of its derivative, w
′
0. Detailed studies of
the background evolution and constraints on the parameters for these models have been done in [16–
23]. Quintessence scalar field is also a potential candidate for dark energy. Using a slow rolling
potential, the late-time accelerated expansion can be achieved. The background cosmology in the
presence of the canonical scalar field has been studied in [24–31]. In [32], it was shown that a homo-
geneous quintessence field with inhomogeneous matter is inconsistent with observation. Therefore
the scalar field must be perturbed in the course of evolution of the Universe. The perturbations in the
quintessence field, its dynamics, and its effect on the evolution of matter clustering have been studied
in [32–35].
A potential alternative to the canonical scalar field and the fluid model is a non-canonical scalar
field model known as the tachyon model. Tachyon scalar field arises as a decay mode of D-branes
– 1 –
in string theory [36–38]. The background cosmology for this model has been studied in [39–41]
and it is potentially a good candidate for dark energy. Tachyon scalar field has also been used to
explain inflation [42–49]. Since its equation of state becomes dust like in the course of time, it is
also considered a viable candidate for dark matter [37, 38, 50–54]. The tachyon model is in good
agreement with current observations [55]; data puts tight constraints on cosmological parameters
and reduces the fine-tuning problem. It can not however completely distinguish this model from the
ΛCDM and other models. Perturbation in dark energy can potentially break the degeneracy between
models, for instance via the Integrated Sachs-Wolf Effect (ISW effect) as it affects the low l CMB
angular power spectrum [56, 57].
In this paper, we analyze the dynamics and nature of tachyon perturbations and their effect
on the evolution of matter perturbations. We begin with a homogeneous tachyon scalar field and
allow it to get perturbed, as the matter clustering grows with time. In this analysis, we consider
two tachyon potentials, an inverse square potential and an exponential potential, and solve linearized
Einstein’s equations. The clustering of dark energy is a scale dependent phenomena, it is higher at
larger scales, just opposite to the matter clustering which is higher at shorter scales. Dark energy
perturbations are insignificant with respect to matter clustering at sub-Hubble scales, and dark energy
can be considered homogeneous. At Hubble and super-Hubble scales, dark energy perturbations
are significant when compared with the matter perturbation. However, as the present value of the
equation of state wφ0 →−1, it can be considered homogeneous and this model coincides with the
ΛCDM model.
We also study the linear growth rate f (z) of matter clustering for these models and compare our
theoretical computation with the redshift space distortion (RSD) data. We find that initially, in matter
dominated era, growth rate is higher for tachyon model than it is for ΛCDM model, but in dark energy
dominated era the situation is opposite. This makes tachyon model a better alternate to fit growth rate
data. We use the ’Gold-2017’ RSD data compiled and tabulated in [58] with some additional data
from [59]. The growth rate measurements from RSD provide the value of fσ8(z), where σ8(z) is the
root mean square fluctuation in the matter power spectrum in a sphere of radius 8 h−1Mpc. In [58],
it has been shown that there is a tension of > 3σ between ’Gold-2017’ and Planck-2015 data for
ΛCDM model. We find that this tension still exists between the RSD data we use and Planck-2018
data for ΛCDM model. We show that, for tachyon models, this tension is reduced when equation of
state parameter wφ0 is larger than -1 and dark energy is allowed to get perturbed.
In section 2 we present the equations for background tachyon model and introduce two poten-
tials. Perturbations in the tachyon scalar field and the matter part are introduced in section 3. We
have discussed our numerical approach in section 4, and the results of our analysis have been shown
in section 5. Finally, we summarize our results in section 6.
2 Homogeneous Tachyon Background
The background evolution of a spatially flat homogeneous and isotropic Universe is described by the
metric
ds2 =−dt2+a2(t)[dx2+dy2+dz2]. (2.1)
Here, a(t) is the scale factor of expansion. For a system of pressureless matter and tachyon scalar
field, the dynamics of background is completely governed by Friedmann equations
(
a˙
a
)2
=
8piG
3
ρ ,
a¨
a
=−
4piG
3
(ρ +3P), (2.2)
– 2 –
where ρ = ρm+ρφ is the total energy density of the Universe. The relativistic component of energy
density ρr ∝ a
−4 is negligible and hence we do not include it. The energy density of the matter
component is given by ρm ∝ a
−3. The tachyon scalar field is described by a Lagrangian
Lφ =−V (φ)
√
1+gµν∂µφ∂ν φ , (2.3)
where V (φ) is an arbitrary potential. For the tachyon field, the energy density and pressure are given
by
ρφ =
V (φ)√
1− φ˙2
, pφ =−V (φ)
√
1− φ˙2. (2.4)
The equation of state parameter for the tachyon scalar field can then be written as
wφ =
pφ
ρφ
= φ˙2−1, (2.5)
and the dynamics of the tachyon scalar field are governed by equation
φ¨ =−(1− φ˙2)
[
3H φ˙ +
1
V (φ)
dV
dφ
]
. (2.6)
We work with two different scalar field potentials, one is the inverse square potential
V (φ) =
n
4piG
(
1−
2
3n
)1/2
φ−2, (2.7)
here n is a real number defines the amplitude of this potential. The exponential potential given by
V (φ) =Vaexp(−φ/φa) , (2.8)
where amplitude Va and φa are parameters. The background cosmology have been studied with these
tachyon potentials in [39, 40, 55] and these are found to be suitable candidates to generate late
time acceleration. The study of cosmological dynamics and the stability analysis have been done
in [41, 60, 61] for these potentials.
3 Perturbation in Tachyon Scalar Field
We consider the perturbed FLRW metric to study the perturbations in the matter and the scalar field.
If there are no anisotropic components, in the spatial part of energy-momentum tensor, i.e. T ij = 0 if
i 6= j, then the perturbations can be described by a line element in longitudinal gauge of the form
ds2 =−(1+2Φ)dt2+a2(t)(1−2Φ)[dx2+dy2+dz2], (3.1)
where Φ is the scalar perturbation. In the Newtonian limit, the metric perturbation Φ represents the
effective gravitational potential. The dynamical equation for this scalar perturbation Φ can be derived
by solving perturbed Einstein’s equation δG
µ
ν = 8piGδT
µ
ν . Here, the perturbed energy-momentum
tensor δT
µ
ν consists of two parts, one for the matter component δT
µ
ν(matter) and other for the scalar field
δT
µ
ν(φ ) . We consider matter as a perfect fluid with energy-momentum tensor
T
µ
ν(matter) = (ρ + p)u
µuν + pg
µ
ν . (3.2)
– 3 –
Here ρ , p and uµ are energy density, pressure and four velocity respectively. The perturbations in the
matter field are defined by
ρ(t,~x) = ρ¯(t)+δρ(t,~x),
p(t,~x) = p¯(t)+δ p(t,~x),
uµ = u¯µ +δuµ ,
(3.3)
where u¯µ = {1,0,0,0}, ρ¯(t) and p¯(t) are the average values of their respective quantities and δuµ
is the peculiar velocity. Substituting these values in equation (3.2), the components of the perturbed
energy-momentum tensor of matter are
δT 00 =−δρ ,
δT i0 = (ρ¯ + p¯)δu
i,
δT ij = δ pδ
i
j.
(3.4)
The energy-momentum tensor for the tachyon field can be derived from
T
µ
ν(φ)
=
V (φ)∂ µφ∂ν φ√
1+gαβ ∂αφ∂β φ
+Lφg
µ
ν , (3.5)
where for tachyon scalar field the Lagrangian Lφ is given by equation (2.3). We define the perturbation
in the scalar field as
φ(t,~x) = φ¯(t)+δφ(t,~x). (3.6)
Here φ¯(t) is the average background field. Using equation (3.5) with the metric element of longitudi-
nal gauge from equation (3.1), components of perturbed energy-momentum tensor for tachyon scalar
field can be calculated:
δT 00 =−δρφ =−
(
∂V
∂φ
)
φ¯
δφ√
1− ˙¯φ2
+
1
2
V (φ¯)√
1− ˙¯φ2
(
2Φ ˙¯φ2−2 ˙¯φ ˙δφ
)
,
δT ij = δ pφ δ
i
j =−V (φ¯ )
√
1− ˙¯φ2
(
Φ ˙¯φ2− ˙δφ ˙¯φ
1− ˙¯φ2
)
δ ij−
(
∂V
∂φ
)
φ¯
δφ
√
1− ˙¯φ2 δ ij,
δT 0i = (ρφ + pφ )δui =
V (φ¯ )√
1− ˙¯φ2
˙¯φδφ,i.
(3.7)
We can now solve perturbed Einstein’s equation δG
µ
ν = 8piGδT
µ
ν ; where the perturbed energy-
momentum tensor are given by equations (3.2) and (3.5). Components of the perturbed Einstein
tensor δG
µ
ν can be calculated using line element (3.1). We retain the terms in the solution of per-
turbed Einstein’s equations up to first (or linear) order in all perturbed quantities. We then transform
these linearized Einstein equations into the Fourier space or the k− space, where the perturbed quan-
tities of both the spaces are related by the equation
A(~x, t) =
∫
d3kA(~k, t)ei
~k.~x. (3.8)
Here,~k is the wave vector.
– 4 –
In longitudinal gauge, the Fourier transformed Einstein’s equations are given by
3
a˙2
a2
Φ+3
a˙
a
Φ˙+
k2Φ
a2
=−4piG
[
δρm+δρφ
]
, (3.9)
Φ¨+4
a˙
a
Φ˙+
(
2
a¨
a
+
a˙2
a2
)
Φ = 4piG
[
−V (φ¯ )
√
1− ˙¯φ2
(
Φ ˙¯φ2− ˙δφ ˙¯φ
1− ˙¯φ2
)
−
(
∂V
∂φ
)
φ¯
δφ
√
1− ˙¯φ2
]
,
(3.10)
Φ˙+
a˙
a
Φ = 4piG

ρ¯a−3vm+ V (φ¯ )√
1− ˙¯φ2
˙¯φδφ,i

 , (3.11)
where vm represents the potential for the matter peculiar velocity, i.e., δui = ▽ivm. Here although
we have used the same symbol for quantities Φ,δφ ,δρm and vm, as they are in real physical space,
they represent the Fourier components of respective quantities in kth mode of perturbation. The wave
number is given by k = 2pi/λp, where λp is the comoving length of the perturbation. Therefore,
the Einstein’s equations given above represent the evolution of the kth mode of perturbations. Equa-
tion (3.10) is the dynamical equation for metric perturbation Φ. Since matter is pressureless, the
dynamics of metric perturbation Φ is driven only by perturbation in the scalar field. Here, in these
equations, there are two unknown perturbed quantities, Φ and δφ . Once these two are determined,
then other perturbed quantities like δρm and vm can be calculated from equation (3.9) and (3.11). The
dynamical equation for the perturbed tachyon scalar field δφ can be derived by solving the Euler-
Lagrangian equation using the Lagrangian function (2.3) for the perturbed scalar field, and in the
Fourier space for kth mode, it is given by
¨δφ
(1− ˙¯φ2)
+
[
3H+
2 ˙¯φ ¨¯φ
(1− ˙¯φ2)2
]
˙δφ +
[
3H ˙¯φ
V ′
V
+
k2
a2
+
¨¯φ
(1− ˙¯φ2)
(
V ′
V
)
+
V ′′
V
]
δφ
−
[
12H ˙¯φ +
2(2− ˙¯φ2) ¨¯φ
(1− ˙¯φ2)
+
2V ′
V
+
2 ˙¯φ4 ¨¯φ
(1− ˙¯φ2)2
]
Φ+
5 ˙¯φ3−4 ˙¯φ
(1− ˙¯φ2)
Φ˙ = 0,
(3.12)
where the prime represents the derivative with respect to the background scalar field φ¯ . The coupled
equations (3.10) and (3.12) form a closed system of equations. Solving these equations together with
the background equations, we can find the quantities Φ and δφ and then the respective fractional
density contrasts δ = δρ/ρ¯ of kth mode for matter and tachyon scalar field can be computed from
the following equations
δφ =
V ′(φ¯ )
V (φ¯ )
δφ −
(
Φ ˙¯φ2− ˙¯φ ˙δφ
)
,
δm =−
1
4piGρma−3
[
3
a˙2
a2
Φ+3
a˙
a
Φ˙+
k2Φ
a2
]
−
1
ρma−3

V ′(φ¯ )δφ√
1− ˙¯φ2
−
V (φ¯ )√
1− ˙¯φ2
(
Φ ˙¯φ2− ˙¯φ ˙δφ
)
=−
1
4piGρma−3
[
3
a˙2
a2
Φ+3
a˙
a
Φ˙+
k2Φ
a2
]
−
δφ
ρma−3
V (φ¯ )√
1− ˙¯φ2
.
(3.13)
To calculate matter density contrast δm = δρm/ρm we have used equation (3.9). We can see from the
above equations that the density contrasts of matter and dark energy are coupled with each other.
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The growth of structure, quantified by the linear growth function D+m , defined as
D+m =
δm
δm0
, (3.14)
The quantity δm0 is the present value of matter density contrast, and the growth rate, defined as
f =
d ln δ
d ln a
. (3.15)
4 Numerical Approach and Methodology
To solve for a, φ , Φ and δφ , we need four equations. We choose two background equations, first
of the Friedmann equations (2.2) and the dynamical equation of scalar field (2.6). The third equation
is the dynamical equation of the perturbed scalar field, equation (3.12) and the fourth one is the
dynamical equation for the metric perturbation, the second equation of Einstein’s equations (3.10).
We rewrite these equations in the dimensionless form by introducing the following variables
x= tH0, y=
a
ain
, ψ =
φ
φin
, ΦN =
Φ
Φin
, δψ =
δφ
Φinφin
, (4.1)
to above equations to solve them. Derivatives are defined with respect to x as
y′ =
dy
dx
, ψ ′ =
dψ
dx
, Φ′N =
dΦN
dx
. (4.2)
4.1 Dimensionless Equations for Inverse Square Potential
In terms of the above dimensionless variables [4.1], the background equations [2.2] and [2.6] with
inverse square potential [2.7], take the form
y′ = y

Ωminy−3+ 2n3 (1− 23n )1/2ψ−2
φ2inH
2
0
√
1−φ2inH
2
0ψ
′2


1/2
, (4.3)
ψ ′′ =
(
1−φ2inH
2
0ψ
′2
)[ 2
φ2inH
2
0ψ
−3
y′
y
ψ ′
]
, (4.4)
where Ωmin can be linked to the present matter density parameter Ωm0 using the relation
Ωm =
Ωm0
(H/H0)2
(
a
a0
)−3
. (4.5)
Here, a0 is the present day value of the scale factor. To solve the above background equations, we
need values of the parameters Ωmin , Cn, and φinH0. Here Cn =
2n
3
(1− 2
3n
)1/2 is the amplitude of the
potential.
Using the variables defined in equation (4.1), with inverse square potential (2.7), the dynamical
equation for metric perturbation Φ, equation (3.10), and the dynamical equation of perturbed scalar
field δφ , equation (3.12) takes the form
Φ′′N +4
y′
y
Φ′N +
{
2
y′′
y
+
(
y′
y
)2}
ΦN
= n(1−
2
3n
)1/2

 2δψ
φ2inH
2
0ψ
3
√
1−φ2inH
2
0ψ
′2−
ΦNψ
′2−ψ ′δψ ′
ψ2
√
1−φ2inH
2
0ψ
′2

 ,
(4.6)
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δψ ′′(
1−φ2inH
2
0ψ
′2
) +
[
3
y′
y
+
2φ2inH
2
0ψ
′ψ ′′(
1−φ2inH
2
0ψ
′2
)2
]
δψ ′
+
[
−6
y′
y
ψ ′
ψ
+
k2
a2inH
2
0y
2
−
2ψ ′′
ψ
(
1−φ2inH
2
0ψ
′2
) + 6
φ2inH
2
0ψ
2
]
δψ
−
[
12
y′
y
ψ ′+
2
(
2−φ2inH
2
0ψ
′2
)
ψ ′′(
1−φ2inH
2
0ψ
′2
) − 4
φ2inH
2
0ψ
+
2φ4inH
4
0ψ
′4ψ ′′(
1−φ2inH
2
0ψ
′2
)2
]
ΦN
+
[
5φ2inH
2
0ψ
′3−4ψ ′(
1−φ2inH
2
0ψ
′2
)
]
Φ′N
= 0.
(4.7)
On solving the perturbation equations along with the background using the above initial condi-
tions, we can find the values of ΦN and δψ as a functions of redshift or scale factor. Subsequently,
the values of density parameters can be calculated using equations
δφ
Φin
=−2
δψ
ψ
−φ2inH
2
0
(
ψ ′2ΦN −ψ
′δψ ′
)
,
δm
Φin
=
−2
Ωminy
−3
[
y′2
y2
ΦN +
y′
y
Φ′N +
k2/H20
2a2iny
2
ΦN
]
−
δφ/Φin
Ωminy
−3
2n
3
(1−2/3n)1/2ψ−2
φ2inH
2
0
√
1−φ2inH
2
0ψ
′2
.
(4.8)
To derive the above equations we have substituted dimensionless variables defined in equation (4.1)
to equation (3.13).
4.2 Dimensionless Equations for Exponential Potential
In terms of the variables defined in equation (4.1), the background equations for exponential poten-
tial (2.8) can be written as
y′ = y

Ωminy−3+
Va
ρcr
e
−
φin
φa
ψ√
1−φ2inH
2
0ψ
′2


1/2
, (4.9)
ψ ′′ =
(
1−φ2inH
2
0ψ
′2
)[φin/φa
φ2inH
2
0
−3
y′
y
ψ ′
]
. (4.10)
To solve these background equations, we need value of parameters Ωmin , Va/ρcr, φinH0 and φin/φa.
On introducing variables defined in equation (4.1), with exponential potential, equations (3.10) and
(3.12) for perturbed quantities Φ and δφ are
Φ′′N +4
y′
y
Φ′N +
{
2
y′′
y
+
(
y′
y
)2}
ΦN
=
3
2
Vae
−
φin
a
ψ
ρcr
√
1−φ2inH
2
0ψ
′2
[
φin
φa
δψ−
φ2inH
2
0 (ΦNψ
′2−ψ ′δψ ′)
1−φ2inH
2
0ψ
′2
]
,
(4.11)
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δψ ′′(
1−φ2inH
2
0ψ
′2
) +
[
3
y′
y
+
2φ2inH
2
0ψ
′ψ ′′(
1−φ2inH
2
0ψ
′2
)2
]
δψ ′
+

−3φin
φa
y′
y
ψ ′+
K2
a2inH
2
0y
2
−
φin
φa
ψ ′′(
1−φ2inH
2
0ψ
′2
) +
(
φin
φa
)2
φ2inH
2
0

δψ
−
[
12
y′
y
ψ ′
ψ
+
2
(
2−φ2inH
2
0ψ
′2
)
ψ ′′(
1−φ2inH
2
0ψ
′2
) − 2φinφa
φ2inH
2
0
+
2φ4inH
4
0ψ
′4ψ ′′(
1−φ2inH
2
0ψ
′2
)2
]
ΦN
+
[
5φ2inH
2
0ψ
′3−4ψ ′(
1−φ2inH
2
0ψ
′2
)
]
Φ′N
= 0.
(4.12)
In terms of the dimensionless variables, defined in equation (4.1), the equation for density pa-
rameters (3.13) for exponential potential takes the form
δφ
Φin
=−
φin
φa
δψ−φ2inH
2
0
(
ψ ′2ΦN−ψ
′δψ ′
)
,
δm
Φin
=
−2
Ωminy
−3
[
y′2
y2
ΦN +
y′
y
Φ′N +
k2/H20
2a2iny
2
ΦN
]
−

 δφ/Φin
Ωminy
−3
Va
ρcr
e
−
φin
φa
ψ√
1−φ2inH
2
0ψ
′2

 . (4.13)
5 Results and Discussion
We evolve the perturbation equations from redshift z= 1000 to the present day. The main assumption
made here is that the dark energy field is initially homogeneous with an initial equation of state
parameter of dark energy wφin =−1. For background equations, our initial conditions are
yin = 1, ψin = 1, (5.1)
and ψ ′in can be calculated using relation
ψ ′ =
φ˙
φinH0
=
√
1+wφ
φinH0
. (5.2)
In [55], it has been shown that with the potentials mentioned above, the constraint on matter
density contrast is Ωm0 = 0.285
+0.023
−0.022 at the 3σ confidence. On the other hand, background data puts
only a lower bound φ0H0 & 0.775 and all larger values are allowed. Here, φ0 is the value of the scalar
field at present, i.e., (φ¯)0. Constraint on wφ0 depends on the value of φ0H0, as they are correlated
quantities. The tachyon scalar field starts evolution only in the near past, this allow us to assume
φinH0 ≈ φ0H0 [39]. In this paper, we have done our analysis for the best fit value of Ωm0 and other
parameters have been varied. In the case of the exponential potential, differences due to the change
in the parameter φin/φa can be restored by scaling φinH0 appropriately [55]. We have fixed the value
of this parameter at φin/φa = 1.
The evolution of the equation of state of dark energy and the density parameters are shown in fig-
ure 1 for both the potentials. Red, sky-blue, green and blue colours represent φinH0= 1.0, 1.5, 2.0and 3.0.
– 8 –
Figure 1. The plots on the left of this figure show evolution of the equation of state of dark energy and the plots
on the right show the evolution of the density parameters. The top panels are for the inverse square potential
and the panels at the bottom show these quantities for the exponential potential. Red, sky-blue, green and blue
colours represent φinH0 = 1.0, 1.5, 2.0 and 3.0. In the second column, the solid line is for Ωm and the dashed
line is for Ωφ . ParametersCn and Va/ρcr are tuned for each value of φinH0 to get Ωm0 = 0.285.
For each value of φinH0, we need to tune the amplitude of potential, Cn =
2n
3
(1−2/3n)1/2 for the in-
verse square potential and Va/ρcr for the exponential potential, such that the present value of the
matter density parameter matches Ωm0 = 0.285. We can see that the equation of state parameter for
both the potentials remains at −1 in the matter dominated era, and starts evolving as the dark energy
begins to dominate. In the right panel of figure 2, we can see that the deceleration to acceleration
transition redshift, zda, gradually decreases as we increase the value of the parameter φinH0. Hence
for smaller values of φinH0, the value of equation of state parameter begin to increase earlier. That is
the reason that wφ0 is larger than it is for larger value of φinH0. For larger φinH0, the value of wφ0 is
closer to −1. This correlation can be seen in the left panel of figure 2. We can see that for a given
value of φinH0, wφ0 relatively closer to−1 for the exponential potential than it is for the inverse square
potential. The reason for this is that the transition from decelerated to accelerated expansion, for a
fixed value of φinH0, occurs earlier for the inverse square potential than for the exponential potential.
For example, for φinH0 = 2.0 the value of the transition redshift zda = 0.732 for the inverse square
potential and zda = 0.717 for the exponential potential. Comparing the panels of figure 2, we can see
that there is a linear relation between wφ0 and zda.
The future evolution of wφ can be seen in figure 1, and it is clear that the wφ for the inverse
square potential becomes constant in future, as for this potential, the equation of state asymptotically
approaches wφ = 2/3n− 1 [39–41]. Whereas for the exponential potential, the equation of state
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Figure 2. In this figure we show the dependence of the present day value of the equation of state parameter,
wφ0 (plot on the left), and the deceleration to acceleration transition redshift, zdz (in the right panel) on φinH0.
The red curve is for inverse square potential and blue cure is for the exponential potential. The values of Cn
and Va/ρcr are the same as in 1.
increases to wφ = 0 (dust like). For smaller values of φinH0, it evolves faster and approaches wφ = 0
relatively earlier than for larger values of φinH0. Since in future the dominating component is dark
energy, the effective equation of state of the Universe depends only on wφ . For the exponential
potential, when wφ becomes larger than −1/3, the Universe once again goes to a decelerated phase.
Hence, for the exponential potential, there is no future horizon problem for tachyon model of dark
energy [39–41].
The perturbation in the scalar field at initial (at z = 1000) is assumed to be negligibly small,
compared to Φ and δm. The scalar field can initially be assumed to be homogeneous, and our initial
conditions for perturbation are
ΦNin = 1, δψin = 0, δψ
′
in = 0. (5.3)
In [32], it was shown that the gravitational potential does not evolve in the matter dominated era,
and starts to decay when dark energy begins to dominate. This fact allows us to assume Φ′Nin(k) =
0, for all scales. In figure 3, we show the evolution of the gravitational potential with the scale
factor. The gravitational potential is normalized to its initial value; solid lines are for tachyon models
and dashed lines are for ΛCDM model. Different colours represent different length scales of the
perturbation, λp, from 50 Mpc to 5× 10
4 Mpc. We solve the set of required equations for each
of these fixed scales, introduced using the dimensionless ratio k¯ = kc/H0, where k = 2pi/λp; with
H0 = 70 Kms
−1Mpc−1 and c = 2.99× 105 Kms−1. The gravitational potential remains a constant
during the matter dominated era. As dark energy starts to dominate the energy budget, gravitational
potential falls at all length scales. We can see that for ΛCDM model, the gravitational potential falls
more rapidly and at the same rate at all scales. For tachyon models, the gravitational potential falls
more rapidly at a smaller scales. At super-Hubble scales, its decay slows down in future. In the bottom
left panel of figure 3, is can be seen that for the exponential potential, the gravitational potential at
super-Hubble scales in future first rises and then become constant. However, as we increase the
value of parameter φinH0 (because wφ0 → −1), this effect of scale dependence decreases, and the
difference with respect to the ΛCDM model also decreases. The model with exponential potential is
more sensitive to the value of the parameter φinH0, as we can see that increasing this parameter from
1 to 2 decreases the scale dependence effect more significantly.
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Figure 3. Here we show the evolution of gravitational potential with scale factor. The top row is for the inverse
square potential and the second row is for the exponential potential. Solid lines correspond to the respective
scalar field potential whereas the dashed lines are for ΛCDM model. The plots on the left show for φinH0 = 1.0
and those on the right correspond to φinH0 = 2.0 respectively, for the same values of Cn and Va/ρcr as in the
previous two figures. The red, green, blue, sky-blue, pink, yellow, orange and light-green colours represents
the scales of perturbation λp = 50, 100, 500, 1000, 5000, 10000, 20000 and 50000Mpc respectively.
The evolution of matter density contrast, normalized by the initial value of the gravitational
potential is shown in figure 4, for φinH0 = 1.0 and 2.0. Since the gravitational potential remains
constant during the matter-dominated era, at sub-Hubble scales the matter density contrast grows
linearly with the scale factor i.e. δm ∝ a, whereas at Hubble and super-Hubble scale it evolves at
a slower rate. In the matter dominated era, there is a very small difference between tachyon model
(for both the potentials) and ΛCDM model (dashed lines). In the dark energy dominated era, the
evolution of matter density contrast is suppressed. At Hubble and super-Hubble scales, it once again
increases (for the inverse square potential) and decreases (for the exponential potential) in future
as the gravitational potential seizes to decay. This difference in the behavior of the matter density
contrast in future is due to the difference in the evolution of the equation of state parameter and the
gravitational potential. Whereas in the ΛCDM model, the evolution of the matter density contrast
remains suppressed in the Λ dominated era. The evolution of δm depends on the parameter φinH0 (or
on wφ0). In the left panel of figure 5, we show how δm/Φin at z = 0 at the scale of λp = 1000 Mpc
depends on φinH0. For smaller value of φinH0 (or larger wφ0), the present day value of δm(z = 0) is
small, and as we increase φinH0 and wφ0 decreases, the value of δm(z= 0) increases. For larger values
– 11 –
Figure 4. Evolution of matter density contrast with the scale factor is shown in the above figure. Solid lines
correspond to tachyon dark energymodel (with inverse square potential in row-1 and with exponential potential
in row-2) and the dashed lines are for ΛCDM model. The values of φinH0 = 1.0 and 2.0 for column-1 and 2
respectively. The colour scheme for this figure is the same as in 3.
of φinH0, its value approaches a constant as decrease in wφ0 saturates. For a fixed value of φinH0, the
value of δm(z = 0) is large for the exponential potential than it for the inverse square potential. For a
fixed φinH0, the value of wφ0 is smaller for the exponential potential than it is for the inverse square
potential. As we increase the value of the parameter φinH0 and wφ0 approaches −1, the difference
between the two potentials decreases.
In figure 6, we show the evolution of linear growth function D+m =
δm
δm0
at sub-Hubble (the
plot on the left) and super-Hubble scales (the plot on the right). Here we have taken the value of
parameters φinH0 = 1.0 and Ωm0 = 0.285. We can see that at sub-Hubble scales, linear growth is
scale independent as all lines overlap. At super-Hubble scales, its evolution depends on the scale.
In matter dominated era, the linear growth D+m is large for tachyon models than the ΛCDM model at
all scales. That is why as dark energy dominates it has to slow down, even more than ΛCDM model
to match the present value. This becomes more clear in figure 7, where we show the evolution of
growth rate f = d ln δm
d ln a
with redshift, at the scale of perturbation λp = 50, 1000 and 5000 Mpc, for
φinH0 = 1.0. We can see that the growth rate is higher at shorter scales, and as we increase the scale
of perturbation growth rate decreases. We can also see that in matter-dominated era, the growth rate
remains a constant for smaller scales (sub-Hubble scales), whereas at Hubble and Supper-Hubble
scale it grows linearly and reaches a maximum value. In the dark energy dominated era the growth
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Figure 5. This figure shows the matter density contrast (in the left panel) and the dark energy density density
contrast (in the right panel) normalized to initial gravitational potential, at present epoch (z= 0), as a function
of φinH0 at the scale of λp = 1000 Mpc. Red and blue colours represent the inverse square and exponential
potential respectively.
rate falls at all scales, for all the three models. In the matter-dominated era, the growth rate is larger
for tachyon models than the ΛCDM model. As the dark energy starts to dominate, it comes below the
ΛCDM model. As we increase the value of φinH0, the tachyon model approaches the ΛCDM model
(because wφ0→−1) and this difference decreases.
Observations do not provide a direct measurement of δm. Instead, the observational data on the
growth of structure measures the product fσ8(z), where,
σ 2R(z) =
1
2pi2
∫ ∞
0
P(k,z)W 2R (k)k
2dk ∝ δ 2(z), (5.4)
is the root mean square fluctuation in linear density field or power spectrum P(k,z) within a sphere
of radius R [63]. Taking R= 8 h−1Mpc, it can be written as,
σ8(z) = σ8(0)
δm(z)
δm(0)
. (5.5)
Here, σ8(0) is the present value of σ8(z) and it is a parameter. In figure 8, we show the comparison
between data and theory. The data points are values of fσ8(z) extracted from redshift space distortion
(RSD) measurements. In our analysis we have used 22 data points from redshift 0.02 to 1.944, out
of which 18 points are compiled in table III of [58] with their fiducial cosmology and references.
This compilation is named as ’Gold-2017’ data set. We have added four more data points at redshift
0.978, 1.23, 1.526 and 1.944 from [59] for our analysis. All these 22 data points, with the value of
fσ8(z), error, fiducial cosmology and corresponding references, are tabulated in table I of [62]. In
figure 8, solid black, dashed blue and dashed-dot red curves are for ΛCDM model, tachyon model
with exponential potential and with inverse square potential respectively. Left and right panels are for
φinH0 = 0.8 and 3.0 respectively. We set the parameters Ωm0 and σ8(0) to their corresponding best
fit values given in table 1. We can see that the tachyon model (with both the potentials) provide better
fit than the ΛCDM model if the parameter φinH0 is small (about order of unity) or large wφ0 (because
these two parameters are correlated). As we increase φinH0 and wφ0 approaches −1, tachyon models
then coincide with the ΛCDM model.
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Figure 6. In this figure we show the evolution of linear growth function of matter D+m =
δm
δm0
as a function of
the scale factor. Solid lines correspond to tachyon dark energy model with inverse square potential (in row-1)
and with exponential potential (in row-2) and the dashed lines are for ΛCDM model. The colour scheme for
scales of perturbation is the same as in 3. Column-1 is for sub-Hubble scales (lines for different scales for
particular model have been overlapped) and column-2 is for super-Hubble scales.
Figure 7. In this figure, we have plotted the growth rate f = d ln δm
d ln a
. Solid black, dashed blue and dashed-dot
red curves are for ΛCDM model, tachyon model with exponential potential and with inverse square potential
respectively. From left to right, panels represent scale λp = 50, 1000 and 5000 Mpc respectively. For these
plots, the value of parameters φinH0 = 1.0 and Ωm0 = 0.285.
In figure 9, we show dark energy perturbations as function of the scale factor. The dark en-
ergy density contrast is normalized to the initial gravitational potential. The magnitude of the dark
– 14 –
Figure 8. A comparison of theorywith Redshift Space Distortion data. Solid black, dashed blue and dashed-dot
red curves are for ΛCDM model, tachyon model with exponential potential and with inverse square potential
respectively. From left and right panels represent φinH0 = 0.8 and 3.0 respectively. Other parameters Ωm0 and
σ8(z = 0) are fixed to the corresponding best fit values taken from table 1. Data points are taken from table I
of [62].
energy density contrast is higher at larger scales. This behaviour is opposite to that of the matter
density contrast, which is higher in magnitude at smaller scales. As the dark energy dominates and
gravitational potential decreases, the growth of the dark energy contrast ceases and becomes constant
at super-Hubble scale; this is true for the inverse square potential. For the exponential potential, if
the value of parameter φinH0 is small, δφ keeps on growing (with smaller rate) in the future. If we
increase the value of this parameter, the growth of δφ is suppressed for the exponential potential as
well. At Hubble and sub-Hubble scale, the dark energy density contrast reaches its maximum at near
present epoch and then decreases in future. For the exponential potential, it first decreases in value
and then increases in (far) future.
The evolution of dark energy density contrast can be understood from the equation of δφ
in (3.13). At sub-Hubble scales, initially the second of three terms, term Φ ˙¯φ2, dominates. Since
in matter dominated era the gravitational potential remains a constant, −δφ/Φin rises as
˙¯φ2 or wφ
increases as a function of the scale factor. In dark energy dominated phase, due to decrease in grav-
itational potential, −δφ/Φin decreases. In future, the fist term (term with scalar field perturbation
δφ ) dominates, and as it rises −δφ/Φin rises once again. At super-Hubble scale the δφ rises, but
other two terms fall. This results in a net suppression of evolution of −δφ/Φin. For the exponential
potential, with smaller value of φinH0, the δφ term dominates in future, and −δφ/Φin keeps on rising
although with a smaller rate of growth. The density contrast δφ/Φin as a function of φinH0 is shown
in the right panel of figure 5. We can see that for smaller value of this parameter (or larger wφ0),
dark energy perturbation is larger. As we increase φinH0 and wφ0 approaches −1, the factor δφ/Φin
becomes negligible, and we can consider dark energy as homogeneous. Although, the magnitude of
δm is higher than that of δφ , we can see in figure 9 that in matter dominated era the slopes of−δφ/Φin
curves, at all scales, are greater than that of −δm/Φin (in figure 4). This implies that in matter dom-
inated era the evolution of the dark energy density contrast is faster than that of the matter density
contrast.
In figure 10, we show the ratio of density contrasts δφ/δm at present epoch z = 0 as a function
of φinH0 and wφ0. For a fixed scale, if the value of the parameter φinH0 is small, say of the order of
unity (or the value of wφ0 is away from -1), the value of δφ/δm is larger As we increase the value
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Figure 9. Evolution of dark energy density contrasts with the scale factor in shown here. Solid lines correspond
to the inverse square potential (top row) and with exponential potential (second row) whereas dashed lines are
for ΛCDM model. Column-1 and 2 are for φinH0 = 1.0 and 2.0 respectively. Amplitude of potentialsCn and
Va/ρcr have tuned to get Ωm0 = 0.285 at present. Red, green, blue, sky-blue, pink, yellow, orange and light-
green lines represents the scale of perturbation λp= 50, 100, 500, 1000, 5000, 10000, 20000 and 50000Mpc
respectively.
of φinH0 it decreases monotonically. For example, at λp = 1000 Mpc the value of (δφ/δm)z=0 is
1.172×10−4 for φinH0 = 1.0, and it is 1.069×10
−5 for φinH0 = 4.0, for the inverse square potential.
Near wφ0 =−1 the ratio δφ/δm decreases sharply. So δφ/δm → 0 as wφ0→−1.
In figure 11, we show the variation of δφ/δm with the scale of perturbation λp. We find that
for smaller value of the field, say φinH0 = 0.8, at scale of λp = 10
5Mpc, the ratio (δφ/δm)z=0 =
0.2645 and 0.1060, for the inverse square and the exponential potential respectively. At these scales,
the value of δm is very small, hence the value of δφ is a considerable fraction of the energy den-
sity. This ratio decreases monotonically at smaller scales. For example, at λp = 10
2Mpc the ratio
(δφ/δm)z=0 is in the range 10
−6 to 10−8. While the dark energy density contrast is negligible at
smaller scales (sub-Hubble scales), it is significant at Hubble and super-Hubble scales.
We now constrain the free parameters of the tachyon field model using Redshift Space Distor-
tion (RSD) data from [58, 62]. For this purpose we find out the maximum likelihood by minimizing
χ2 given by
χ2 =
N
∑
i, j=1
[Xth,i−Xobs,i]C
−1
i, j [Xth, j−Xobs, j], (5.6)
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Figure 10. In the first row, the plots shows the dependence of ratio δφ/δm on φinH0 and wφ0 for the inverse
square potential. The second row is for the exponential potential. Lines from bottom to top represent the scale
of perturbation λp = 500, 10
3, 5× 103, 104, 5× 104 and 105 Mpc. Amplitude of potentials Cn and Va/ρcr
are fixed to get the present day Ωm0 = 0.285.
Figure 11. In this figure, we have plotted the ratio δφ/δm with respect to the scale for the inverse square
potential (in the left panel) and for the exponential potential (in the right panel). For curves from up to down
the parameter φinH0 = 0.8, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0.
where N is number of data points and Ci, j is the covariance matrix. The quantities Xth and Xobs
are the vectors of theoretical and observed values of the observable fσ8 respectively. As suggested
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Figure 12. Constraints on Ωm0− φinH0 plane. We have marginalized over σ8(0). The left plot is for inverse
square potential and the right plot is for exponential potential.
in [58], to remove the fiducial cosmology, we scale the theoretical value of fσ8 by the ratio
r(z) =
H(z)dA(z)
H f id(z)d f idA (z)
, (5.7)
where H(z) and dA(z) are the Hubble parameter and the angular diameter distance at redshift z re-
spectively. The observable Xth,i = r(zi) fσ8(zi,p), where p is the set of parameters. We constrain the
parameters Ωm0, φinH0 and σ8(0). For the exponential potential, we have fixed φin/φa = 1.0, since
changes due to variation in this parameter can be compensated by scaling φinH0 appropriately [55]. In
figure 12 we show the 1σ , 2σ and 3σ confidence contours on Ωm0−φinH0 plane. We can see that for
the inverse square potential φinH0 > 0 and there is no upper bound on this parameter. For the expo-
nential potential, we found φinH0 & 0.3. Similar results have been shown in our previous study [55].
Since, a large range of initial field is allowed by the data, this model alleviates the fine-tuning problem
that the ΛCDM model suffers from.
Since, there is no upper bound on φinH0, we cannot marginalize over this parameter. Therefore,
we constrain Ωm0−σ8(0) plane for a fixed value of φinH0 and show the effect of its variation. In
figure 13 we show the constraints on Ωm0−σ8(0) plane for φinH0 = 0.8 (plots in second row). We
also show the constraints for ΛCDM model (in the top panel). Here, the black dot shows the best fit
value for Planck-2018 [64]. We can see that there is a tension of more than 3σ between RSD data and
the Planck best fit value for ΛCDM model. Same tension has also been found between ’Gold-2017’
growth rate data and Planck-2015 data for ΛCDM model, see [58] for detail. For tachyon models,
this tension is reduced for some values of φinH0 (or equivalently wφ0 ). For example, we can see in
the figure that the tension reduces to 2σ for tachyon model for φinH0 = 0.8. A further decrease in this
parameter reduces the tension further. We have explained in previous sections that smaller the value
of φinH0, larger the present value of equation of state wφ0 and larger the ratio (δφ/δm)z=0. In table 1,
we show the constraints on Ωm0 and σ8(0) with 3σ confidence intervals for φinH0 =0.8, 1.0, 3.0, 5.0
and 7.0 for both the tachyon models as well as for the ΛCDM model . We can see that as we increase
φinH0, constraints for both the potentials coincide with the ΛCDM model. Hence, we can see that
including perturbation in dark energy reduces the tension between RSD data and Planck data.
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Figure 13. 1σ , 2σ and 3σ constraints, represented by blue, green and red colours, on Ωm0−σ8(0) plane. Top
panel is for ΛCDM model, whereas bottom left and right panels are for tachyon with exponential and inverse
square potentials respectively. Here, for tachyon models, we have fixed φinH0 = 0.8. Black dot in each plot
represents the best fit value for Plank-2018 [64].
6 Summary and Conclusions
In this paper, we have studied perturbations in tachyon scalar field dark energy and their effect on
matter clustering. We consider two tachyon scalar field potentials, the inverse square potential and the
exponential potential. We begin with a homogeneous dark energy with equation of state wφin = −1
and evolve our equations with time. The matter and dark energy perturbations are coupled with
each other and if the equation of state of dark energy wφ 6= −1 then dark energy is not distributed
homogeneously. Distribution of inhomogeneity in tachyon dark energy, like in other scalar field
models, is a scale dependent phenomenon. The dark energy density contrast δφ is higher in magnitude
at larger scales then it is at shorter scale, opposite to the matter density contrast δm which is higher at
shorter scales. In matter-dominated era at sub-Hubble scales, δm ∝ a(t) for tachyon models as well
as for the ΛCDM model. In dark energy dominated era, its evolution is suppressed. Future evolution
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Model φinH0 χ
2
min Ωm0 σ8(0)
ΛCDM - 12.262 0.235+0.305−0.140 0.835
+0.400
−0.240
0.8 12.307 0.230+0.305−0.140 0.870
+0.495
−0.265
Tachyon with 1.0 12.279 0.230+0.305−0.140 0.865
+0.465
−0.265
V (φ) ∝ φ−2 3.0 12.257 0.235+0.305−0.140 0.840
+0.410
−0.245
5.0 12.264 0.230+0.310−0.135 0.845
+0.395
−0.250
7.0 12.264 0.235+0.305−0.140 0.835
+0.400
−0.240
0.8 12.259 0.230+0.310−0.135 0.855
+0.430
−0.255
Tachyon With 1.0 12.257 0.230+0.310−0.135 0.850
+0.420
−0.255
V (φ) ∝ exp(−φ/φa) 3.0 12.265 0.230
+0.310
−0.135 0.845
+0.390
−0.250
5.0 12.264 0.235+0.305−0.140 0.835
+0.400
−0.240
7.0 12.263 0.235+0.305−0.140 0.835
+0.400
−0.240
Table 1. The table lists the best fit values of Ωm0 and σ8(0) along with their 3σ confidence range for the
ΛCDM model as well as tachyon model with both the potentials. In column-2 we show the fix value of
φinH0 for which constraints have been found. To constrain the parameters we use the RSD data compiled and
tabulated in [58, 62].
of matter density contrast is significantly different in all three models. At super-Hubble scales, δm
rises again for the inverse square potential, and falls for the exponential potential, whereas for the
ΛCDM model it remains a constant. In the matter dominated era, dark energy density contrast δφ
evolves monotonically at same rate at all scales with a(t). Although the magnitude of δφ is much
smaller than that of δm in matter dominated era, its growth rate is higher. We also study the effect of
parameters, φinH0 and wφ0, on the evolution of δm and δφ . These two parameters are correlated and
as we increase the value of φinH0 wφ0→−1(a ΛCDM value).
We have also studied the evolution linear growth function D+m = δm/δm0 and the growth rate
f = d ln δm
d ln a
. Evolution of D+m , at sub-Hubble scales is scale independent, whereas it depends on scale
for larger scales. This is true for for all the three models. At higher redshift (in matter dominated era),
the growth rate f for tachyon models is higher than the ΛCDM model, and as evolution approaches
dark energy dominated era, growth rate falls, even below the value for ΛCDM model. To show the
agreement between theory and observation, we calculated fσ8(z) for the three models and compared
it with RSD data. We find that the tachyon models are in good agreement with the data. If the value
of parameter φinH0 is small (or wφ0 is large), the tachyon models provide the better fitting with data
than the ΛCDM model. As wφ0 →−1, for larger φinH0, tachyon models coincide with the ΛCDM
model.
The tachyon dark energy density contrast, δφ < 10
−4δm at scales λp < 10
3 Mpc with both the
potentials. Therefore at these sub-Hubble scales, dark energy inhomogeneities can be neglected. If
the dark energy equation of state wφ0 6= −1, then at Hubble and super-Hubble scales, δφ become
significant. For example at the scale of λp = 10
5 Mpc, for φinH0 = 0.8 the ratio (δφ/δm)z=0 =
– 20 –
0.2645 and 0.1060 for the inverse square and the exponential potential respectively. Since at these
scales δm itself very small, δφ contributes significantly.
We constrain the free parameters of the ΛCDM model as well as tachyon model with both the
potential using Redshift Space Distortion data. For the tachyon model, we constrain Ωm0, φinH0 and
σ8(0). We find that there is a lower bound on φinH0 and all larger values are allowed by the RSD data.
The tachyon model reduces the fine-tuning problem [55]. There is a tension of > 3σ between the
redshift space distortion data and Planck-2018 best fit value for ΛCDM model, as reported in [58].
This tension reduces for the smaller value of φinH0 or a larger value of wφ0. Perturbations in tachyon
field can alleviate tension between different datasets.
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